Abstract: FCL (fault current limiter) is used to solve relays miscoordination problem arises from DG (distributed generation) installation. In most published researches, different optimization methods are developed to obtain optimal relay settings to achieve coordination in case of not installing DG, then depending on the achieved optimal obtained relay settings, FCL impedance is deduced to ensure relays coordination restoration in case of installing DG. Based on original optimal relay settings, obtained FCL impedance is not the minimum one required to achieve relay coordination. The contribution of this paper is the generation of multi sets of original relay settings that increase the possibility of finding FCL impedance of minimum value which is lower than the calculated value based on original optimal relay settings. The proposed method achieves better economic target by reducing FCL impedance. The proposed approach is implemented and tested on IEEE-39 bus test system.
Introduction


The advantageous applications of DG (distributed generation) can be summarized as: backup generation, loss reduction, power quality improvement, grid expansion postponement, rural and remote application, combined heat and power generation, and financial and trading purposes [1] . These advantages can be achieved if the relevant issues are deliberately taken into account. One of the most influential issues is the coordination of protective devices.
The presence of DG tends to affect negatively the protective relays coordination. The unacceptable operation of protective devices may occur, since the protection coordination will be lost if the fault current characteristic flowing through any protective device is changed, especially in case of DOCRs (directional overcurrent relays). In power delivery systems without DGs, several methods are proposed for the coordination of these relays. Traditionally, a trial and error procedure was employed for setting relays in multi-loop networks. In a trial to minimize the number of iterations needed for coordination process, a technique is proposed to break all the loops at the breakpoints and locate the relays for which to start the coordination procedure [2] . A systematic approach for determining the relative sequence setting of the relays in a multi-loop network based on a linear graph theory approach is suggested in Ref. [3] . The graph theoretic concepts are extended by proposing a systematic algorithm for determining a relative sequence matrix corresponding to a set of sequential pairs which reduced the number of iterations [4] . A functional dependency concept for topological analysis of the protection scheme is proposed by expressing the
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Fault Current Limiter Impedance 1133 constraints on the relay settings through a set of functional dependencies [5] . Both the graph theoretic and functional dependency approaches provide a solution which is the best setting, but not necessarily an optimal solution. The coordination of DOCRs in optimization frame is presented in Ref. [6] by using generalized reduced gradient nonlinear optimization technique. Another method is proposed to consider the dynamic changes in the networks topology for DOCRs using linear programming [7] . In some other researches, coordination problem has been solved in the frame of optimization frame based on applying AI (artificial intelligence) such as, GA (genetic algorithm), EA (evolutionary algorithm), and PSO (particle swarm optimization). A modified particle swarm optimization method is proposed for optimal DOCRs settings taking into account the discrete values for the pickup current settings by formulating coordination problem as a mixed integer nonlinear problem [8] . A method based on GA was developed to solve the problems of miscoordination and continuous or discrete time setting multipliers [9] .
In Ref. [10] , an approach to solve DOCRs coordination problem arises from installing DG is presented. This approach involved the implementation of FCL to locally limit the DG fault current and thus restore the original relay coordination without altering the original relay settings. This approach basically centered on the selection of optimal original relay settings using two phase optimization technique in case of without DG installation, FCL impedances (resistive and inductive) have been calculated based on these relay settings. The same main idea has been developed based on (GA) technique [11] . Both El-Khattam and Agheli [10, 11] concerned only with optimal original relays setting, then centered on these relays setting, FCL impedance has been calculated.
The coordination scheme is normally determined according to specific considerations of the distribution system as each utility has its own criteria and required constraints. The main philosophy is that the protection devices are coordinated such that the primary protection operates before the backup protection can take its action. Miscoordination situations result in nuisance tripping to some of the loads and false tripping for healthy feeders. In addition, it may cause long delay for tripping of faulty feeders, resulting in increasing fault currents causing significant overstress on power system equipment, and finally replacement of equipment may be required.
The main contribution of this paper is to deduce FCL impedance based on multi sets of original relay settings, therefore, increasing the possibility of finding FCL of optimal minimum value. Procedure of selecting relay settings sets is developed in optimization frame using linear programming technique. The proposed approach is examined on IEEE-39 bus test system.
Overview on Linear Programming
LP (linear programming) is a technique for solving optimization problems. In such problems, a linear objective function is subject to linear equality and inequality constraints. A linear programming problem may be defined as the problem of maximizing or minimizing a linear function subject to linear constraints. Not all linear programming problems can so easily solved.
DOCRs coordination problem can be defined as linear programming problem with constraints that can be solved using one of the linear programming techniques, namely: simplex, dual simplex, or two phase simplex technique.
The simplex algorithm, invented by George Dantzig in 1947, is one of the earliest and one of the best known optimization algorithms for obtaining a basic feasible solution; if the solution is not optimal; the method provides a neighboring basic feasible solution that has a lower or equal value of function. The process is repeated until, in a finite number of steps, an optimum is found. Dual simplex method is a variant of regular simplex method, developed by Lemke, to solve a linear
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Fault Current Limiter Impedance 1134 programming problem. It starts from infeasible solution to the primal. The method works in an iterative manner such that it forces the solution to become feasible as well as optimal at some stage. This method has some important characteristics; it does not require the first phase calculations of the two phase simplex method. This is a desirable feature, as the starting point obtained at the end of first phase, may not be near optimal. In addition, it works towards feasibility and optimality simultaneously; the solution is expected to be achieved in less number of iterations [10] . Many software have been developed for the mentioned various linear programming techniques, optimization toolbox included in Matlab environment is considered an easy and powerful tool to implement different linear programming techniques.
Proposed Approach Formulation
Conventional Coordination Problem
The problem of DOCRs coordination is stated as a parametric optimization problem. Solving this problem implies finding the coordinated setting TDS and pickup current settings for all the directional overcurrent relays in the system so that the sum of operating times of the primary relays for near end faults is minimized and the coordination constraints are satisfied. Therefore:
(1) The objective function is that the total time for N primary relays for near end faults is minimized as follows: ∑ (1) (2) To ensure relay coordination, the operating time of the backup relay has to be greater than that of the primary relay for the same fault location by a CTI (coordination time interval) as: 
where, , is the short circuit current passing through the relay R j for fault at i, t j,i is the operating time of the relay R j , for a fault at i .
DOCRs Coordination for a System Not Including DG Using Multi Sets of Original Relay Settings
From the above subsection, it can be seen that for previously predefined value of p i I = p Fixed I , Eq. (5), can be reduced to :
Therefore, the problem of DOCRs coordination could be treated as a LP problem.
Considering , as (TDS) of relay Ri and Rj respectively, a simplified relay coordination problem for the general case shown in Fig. 1 can be represented as follows:
(1) Objective function:
(2) Subject to constraints without network topology: where, = = minimum value of TDS; = = maximum value of TDS.
In case that the pickup current values of the relays are known previously, , , , , , , , , , will be constants and the problem is solved in terms of variable (TDS).
The graphical presentation of this problem is shown in Fig. 2 . The procedure shown in Fig. 3 to obtain multi sets of relays, TDS is as follows: satisfied, thus TDS set that corresponding to point "A" is obtained. The process should be stopped at the step at which the constraints are violated. If the assumed value of k in this step equals to kk n , the possible number of relays TDS sets for relay coordination will be n sets. AMZNT shape represents FSA (feasible solution area) that contains "A", "B" and "C". Thus, for the simplified example, the points "B" and "C" achieve relay coordination but not the optimal one when compared with "A" .
Where: k is the coordination time interval, kk 1 , ..., kk n are the assumed values of coordination time intervals.
FCL Selection Based on Multi Sets of Relay Settings
In most published researches, the minimum fault current limiter is developed only based on optimal relay settings. However in this paper, different values of FCL are generated based on multi sets of original relay settings. The minimum obtained value of FCL impedance is lower than the developed by other traditional techniques. The step by step process for determining FCL impedance for each relay settings will be briefly discussed as follows:
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(1) Calculating optimal original relays settings set (not including DG) as mentioned before in the previous subsection.
(2) Starting with a low value of FCL impedance and then fault calculations are carried out to improve relays coordination.
(3) Increasing the value of FCL impedance step by step and calculating CTI of all relay pairs based on fault calculations, taking into account that the value of FCL will be inserted only during fault and has no effect during normal power flow.
(4) Repeating the above steps until the lowest value of CTI for miscoordinated relay pairs are achieved at new RCTI (revised coordination time interval), which is near to or lower than the original value of CTI.
The above procedure is repeated by replacing the optimal original relay settings set in the first step by another new set that developed in the previous subsection. Finally, different values of FCL impedances are obtained.
Analysis and Results
The complete system under study is the 39-bus IEEE system that shown in Fig. 4 . It has 345, 230 and 22 kV buses, with 34 lines, 10 generators, 12 transformers and 84 directional overcurrent relays.
Optimal & Non-Optimal Relay Coordination Results for System Not Including DG
In this study, continuous TDS & p I values are allowed, a fixed p I value corresponding to 1.5 times maximum load current is firstly chosen and shown in Table 1 . Consequently, by applying the steps in Section 3.2, three different sets of relays TDS are generated to achieve relays coordination. The results are given in Tables 2-4 where CTI = 0.2 s, k 1 = 1.1, and k 2 = 1.25. 
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DOCRs Miscoordination in a Power System Configuration with DG
DG is assumed to be added at bus 28, the transient reactance and capacity of the DG are 0.02 pu and 10 MVA, respectively. The DG is connected to the network through a transformer of 10 MVA capacity and 0.01 pu reactance. The near-end fault primary and backup relays current are calculated in the presence of DG. Table 5 shows the miscoordination occurrence cases for 19 pairs of relays based on optimal set of relays TDS. Tables 6 and 7 depicted the miscoordination occurrence cases for 5 and 3 pairs of relays based on the second and third sets of relays TDS respectively.
FCL Implementation
As illustrated from miscoordination cases shown in Table 5 , the lowest value of CTI, based on optimal relays TDS, which equals to 0.0159 s, is occurred for relays pair 49 and 54. However based on the second and third sets of relays, TDS values are 0.0170 and 0.0193, respectively.
(1) As shown in Fig. 5 , the CTI 54,49 is nearly improved to 0.1922 s (0.96% of the original (CTI) by introducing X-FCL of 35 pu. This value is calculated based on optimal relays TDS. The total optimal operating time in such case equals to 76.6 s. (2) From Fig. 6 , the CTI 54,49 is nearly improved to 0.1917 s by introducing X-FCL of 4 pu. This value is calculated based on the second set of relays TDS, and the total operating time equals to 83.5044 s.
(3) Moreover, based on the third set of relays TDS, the corresponding value of X-FCL equals to 2 pu as illustrated in Fig. 7 . As clearly shown, FCL has a large value of 35 pu based on the traditional method of optimal relays TDS, while FCL of minimum impedance value equals to 2 pu is developed based on the selection of a new relay settings for original network. These achieved results ensure the effectiveness of the proposed method in restoring relay coordination with a lower value of FCL impedance.
Conclusions
This paper outlines one of the economic challenges to interconnect DG into utility system. It highlights the importance of choosing relay settings to reduce the FCL impedance to the possible lowest value thus, achieve better economic target. An integrated model, using linear programming based on Matlab optimization toolbox function linprog, is introduced to generate multi sets of original relay settings that required for relays coordination. These sets are used to implement FCL impedances. The results ensure the capability of the proposed method to obtain FCL impedance of lower value than the other calculated based on traditional method that only depends on optimal relay settings.
The achieved results are based on near end, 3-ph faults at each relay of IEEE-39 bus test system.
